Physical Naturalness and Dynamical Breaking of Classical Scale Invariance 
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The recent LHC data may suggest that the paradigm of naturalness, which has overwhelmingly 
guided model building beyond the standard model, should be revised. In a scheme-independent 
view of regularisation only physical mass scales give contributions of the order of that scale to the 
renormalised Higgs mass parameter. A self-consistent picture of electroweak symmetry breaking and 
renormalisation then emerges if, at the classical level, the space-time symmetry of the fundamental 
Lagrangian is maximally enhanced to the conformal group, which is ultimately broken down to the 
Lorentz group by quantum effects. That is, the Lagrangian is taken to be classically scale invariant, 
implying that any explicit mass scales are absent. As a concrete mechanism for generating the 
electroweak scale and providing dark matter candidates, we propose a model of a confining dark 
sector, dark technicolor, that communicates with the standard model only through the Higgs portal. 



I. INTRODUCTION 

The discovery [H, [l] of a Higgs boson 0-0 at the LHC 

proves experimentally that scalars play a fundamental 
role in particle physics. The global fits to the ATLAS 
and CMS Higgs data, about 25/fb per experiment, and 
to the Tevatron final Higgs results constrain the Higgs 
boson couplings to agree with standard model (SM) pre- 
dictions within remarkable 0(20%) precision (THllj. New 
physics beyond the SM in the Higgs sector can only be 
a small perturbation around the SM. This result agrees 
with the ATLAS and CMS null results in searches for su- 
persymmetry and for any other new physics (composite- 
ness, extra dimensions, extended gauge sectors etc) — and 
also with the experimental results from flavour physics 
and electroweak precision data — that all indicate no new 
physics beyond the SM. At the same time, the exis- 
tence of cold dark matter (DM) H^ and neutrino oscilla- 
tions [l3| provides firm evidence for the existence of new 
physics beyond the SM. In the light of the LHC, this co- 
existence becomes increasingly difficult to explain within 
the orthodox new physics scenarios that have been dom- 
inating the model building landscape. In particular, the 
question of naturalness, i.e., why the electroweak (EW) 
scale exists and what stabilises it against radiative cor- 
rections from high scale physics, remains unanswered. 

We adopt naturalness as the principle for explaining 
the origin of EW scale. To define the naturalness ar- 
gument physically, and to make it rigorously quantifi- 
able, we formulate the concept of "physical naturalness" 
that is based on our understanding of regularisation of 
quantum field theories and is motivated by experimental 
data. According to the physical naturalness paradigm, 
all operators — relevant, marginal and irrelevant — receive 
consistently only well defined computable logarithmic 
corrections from renormalisation group running. Mix- 
ing of operators due to renormalisation, including mixing 
of scales, implies that large radiative corrections to the 



Higgs mass may occur only from heavy physical particles. 
The quadratic divergences occurring in cutoff regularisa- 
tion are unphysical artifacts of this particular scheme, 
and should be absorbed into bare parameters of the the- 
ory when defining physical parameters. Within this ap- 
proach, one of the aims of this work is to identify the re- 
quirements for new physics under which the SM Higgs bo- 
son mass is stabilised against radiative corrections from 
new high scale physics. 

For a long time, an extension of the group of space- 
time symmetries in the form of broken supersymmetry 
has played a central role in the development of models 
for physics beyond the SM. Supersymmetry has several 
desirable features, the most important of which is per- 
haps the stabilisation of the Higgs mass and the EW scale 
against radiative corrections. However, realistic models 
of electroweak symmetry breaking based on supersym- 
metry require the existence of superpartners of the SM 
particles at or below the TeV scale, none of which have 
been experimentally observed. It is intriguing to con- 
template instead another extension of space-time symme- 
tries, namely classical conformal symmetry broken down 
to the Lorentz group by quantum corrections. 

Following 't Hooft's original argument I14l], the Higgs 
mass should be protected by a symmetry to be naturally 
smaller than any high scale of new physics it couples to. 
While the gauge and chiral symmetries that protect the 
gauge boson and fermion masses, respectively, are the 
main building blocks of the SM, there seems to be no 
such obvious symmetry for the Higgs in the SM. A novel 
way of thinking of the symmetry protecting the Higgs 
boson mass is that the SM Higgs appears light due to 
an explicit perturbation of underl ying classical scale in- 
variance as proposed by Bardeen [15| . which otherwise 
would prohibit any mass scales. The idea of classical 
scale invariance is not new. Already in 1973 Coleman 
and Weinberg [l6| presented a dynamical mechanism 
of electroweak symmetry breaking that requires classi- 



cal scale invariance. Similarly, the framework of techni- 
color (17| relies on generating scales from strong dynamics 
in asymptotically free theories such as QCD. In this work 
we take this idea one step further and claim that classi- 
cal scale invariance is a fundamental property of nature — 
i.e. the laws of physics must be the same at every energy 
scale, any distinct scale is generated by quantum effects. 
This principle is similar in essence to the properties of ho- 
mogeneity and isotropy in cosmology, which are also ul- 
timately broken by quantum fluctuations. By accepting 
this principle, a consistent and experimentally supported 
view on quantum field theories appears. 

We illustrate the consequences for model building by 
constructing a model — dark technicolor — in which a new 
scale is dynamically generated by strong dynamics in a 
dark sectoiQ. We discuss different realisations for creat- 
ing the dynamical scale Atc in the dark sector: it can 
arise similarly as in QCD by new physics operating at 
Atc j or by quasiconformal dynamics operating at a scale 
Auv ^ Atc leading to an emergent infrared scale Air 
as a low energy mirage. This dark scale, then, triggers 
the EW phase transition via a Higgs portal coupling be- 
tween the dark sector fields and the SM Higgs field. The 
model explains the existence of cold DM in the Universe 
with suppressed direct couplings to the SM quarks and 
leptons. A dark sector model which leads to EW sym- 
metry breaking via Coleman-Weinberg mechanism has 
been proposed in Ref. |19j . 

The structure of this paper is the following: In sec- 
tion II we discuss the physical meaning of the natu- 
ralness/hierarchy problem and introduce the concept of 
physical naturalness. In section III we discuss the natu- 
ralness of the SM and its extensions under approximate 
scale invariance. In section IV we present an explicit 
model example, and we conclude in section V. 



II. NATURALNESS - GENERAL 
CONSIDERATIONS 

In this work we accept naturalness as the guiding prin- 
ciple for explaining EW scale physics. If naturalness 
should discriminate between different models in particle 
physics, then the hierarchy problem (i.e. the stabilisa- 
tion of the electroweak scale from radiative corrections) 
must be interpreted as a physical phenomenon. This is 
what we call "physical naturalness", and it requires the 
high energy scales to be defined through the existence of 
heavy particles that couple to the SM. If the high scale is 
not associated with particles or if those do not couple to 
the SM in any way, physically measurable contributions 
to the Higgs mass cannot be generatecp. In particular, 
the quadratic divergences [13, 120, l21| proportional to the 



^ A similar construction has been presented in [Ta |. 
^ We consider only physical manifestations of the hierarchy prob- 
lem that are well defined in quantum field theory, and do not 



cut-off scale A in cutoff regularization schemes are un- 
physical in the absence of new particles coupled at this 
scale [l^ [lO, [22h27I |. In a single scale theory like the 
SM Higgs sector, such renormalisation scheme dependent 
contributions should be subtracted from unphysical bare 
parameters of the Lagrangian together with the infinities 
appearing in renormalisation [23l - l26| . This is manifest 
in dimensional regularisation, and physical observables 
should be scheme-independent. 



A. The Standard Model and its Portals 

The SM is a renormalisable quantum field theory with 
one explicit mass scale given by the Higgs mass term — /i^ 
in the scalar potential 
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where H is the Higgs doublet and A is its quartic self- 
coupling. All parameters of the SM, including the ones in 
([1]), depend logarithmically on the energy scale at which 
they are determined. In principle, this dependence is 
completely determined by renormalisation group (RG) 
running that introduces no new mass scale to the model. 
Of course, the utility of RG analyses rests on the validity 
of perturbative expansions. With the measurement of 
the Higgs mass, we now know that the SM Higgs sector is 
weakly coupled. Mainly due to the interplay with the top 
quark Yukawa, the Higgs quartic coupling A runs towards 
asymptotically small values at very high energies. By 
physical naturalness, the SM is therefore a natural theory 
in the sense that large radiative corrections to the Higgs 
mass are absent. While being natural, the SM is not a 
satisfactory theory of fundamental physics as the origin 
of the EW scale, and the absence of non-renormalisable 
operators remains unexplained. 

The situation is of course different in models where 
physical mass scales do appear at high energies. If the 
SM Higgs couples directly to heavy particles with mass 
M at that scale, the renormalised Higgs mass parameter 
is proportional to the heavy particle mass and depends 
logarithmically on the renormalisation scale 
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where g is the coupling constant that induces the scale 
mixing and /i is the renormalisation scale at which the 
Higgs mass is measured. 

The Higgs mass easily receives contributions deter- 
mined by the high scale alone, even if the new physics 
operating at high scales is not charged under the SM in- 
teractions. This is because the Higgs can couple with 



consider hypothetical Planck scale particles to introduce a hier- 
archy problem. 



scalars Si via 



Ai\Si 
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independently of the quantum numbers of Si. If the new 
scalars get vacuum expectation values (vevs), (Si) — Vi, 
new contributions to the Higgs mass are generated at 
tree level. If (St) — 0, the SM Higgs mass gets one loop 
contributions of the order of ~ Xi / (Att)'^ Mf , where Mi 
is the mass of the scalar Si. These contributions have 
nothing to do with EW symmetry breaking. 

A prototypical example is a conventional grand uni- 
fied theory (GUT) ^ based on an SU{5) or SO{10) 
gauge group that is broken to the SM gauge group by 
a GUT-scale Higgs mechanism. Since the SM Higgs has 
direct couplings to the heavy gauge and scalar bosons 
with GUT scale masses, large contributions of the form 
([2]) to the SM Higgs mass are generated at one loop. The 
naturalness problem in this example is so extensive that 
supersymmetrising the theory seems to be the most eco- 
nomical way to solve the problem. However, the logical 
possibility remains that there is no GUT and the quan- 
tum numbers of the SM particles or any other hints of 
a GUT model are simply coincidences. This possibility 
might be theoretically unappealing, but we have to note 
that it is in perfect agreement with the experimental non- 
observation of proton decay. Alternatively, the absence 
of direct couplings between GUT scale particles and the 
Standard Model can be explained using extra dimensions 

Another example is provided by right-handed singlet 
neutrinos Ni that couple to the SM via 



Y.jVHW, 



(4) 



where Li are lepton doublets and i, j denote generations. 
If the SM Higgs gets a vev, Dirac masses for the SM neu- 
trinos are generated. If the the right-handed neutrinos 
have large Majorana masses MiNfNi, the smallness of 
the SM neutrino masses is explained via the seesaw mech- 
anism [3l| and the baryon asymmetry of the Universe is 
generated via leptogenesis [S^] . The large Majorana mass 
M also generates one loop corrections to the SM Higgs 
mass, ~ y^/(47r)^M^, via Eq. ((H). Knowing the neu- 
trino mass scale yArrz^j^ ~ 0.05 eV, and requiring the 
new mass contribution not to exceed 100 GeV, the Ma- 
jorana neutrino mass scale must satisfy M < 10^ GeV. 
This scale allows for resonant leptogenesis [33, [SJ] with 
Mi « Mj. Alternatively, the SM neutrinos can be Dirac 
particles. In this case their lightness requires very small 
Yukawa couplings Y. In the absence of a theory of 
flavour, this is a phenomenologically viable scenario as 
well. 



1. Why does the EW scale exist below the new physics 
scales? 

2. What stabilises the EW scale against new physics 
at high scales? 

A traditional application of the naturalness paradigm 
answers the first question by taking the scalar sector of 
the SM as a low energy description of some strongly in- 
teracting gauge theory. In other words, the Higgs is com- 
posite and the EW scale has a dynamical origin analogous 
to the QCD scale. Then, to suppress large radiative cor- 
rections to the Higgs mass, the new physics scale must lie 
close to the EW scale, i.e. around a few TeV. To explain 
the lightness of the Higgs particle the composite nature 
of the Higgs sector can be further refined by consider- 
ing it to originate from a bigger global symmetry group, 
explicitly and spontaneously broken at a scale Any so 
that the Higgs becomes a pseudo-Goldstone bosor(j and 
hence naturally light at tree level. However, via the elec- 
troweak gauge interactions, the UV scale physics couples 
to the SM gauge bosons and spoils the Goldstone nature 
of the Higgs doublet. Contributions to the Higgs mass 
from Auv are generated at two loop level. In order not 
to spoil physical naturalness, we get an upper bound on 
the UV scale of 



Auv < 10 TeV. 



(5) 



Much model building effort in this type of theories has 
been aimed at cancelling quadratic contributions to the 
Higgs boson mass from the scale Auv at one loop order by 
introducing additional particles j36| . This typically leads 
to very complicated dynamics with finely tuned parti- 
cle contents. The latest LHC results may hint that the 
SM is actually a good theory to much higher scales than 
10 TeV. In this case there must be a different reasoning 
behind the lightness of the EW scale. 



C. Hints from the SM Higgs sector 

The current appearance of the SM itself may point 
towards a possible alternative non-trivial answer to the 
above questions. In the limit /i^ ^ the SM becomes 
classically conformal. Classical conformality is broken 
at loop level by the running of the gauge, Yukawa and 
Higgs quartic couplings. However, in the SM the RG 
evolution of fj,^ is proportional to itself, and if one sets 
as an ultraviolet boundary condition that ^^ — 0, then 
nonzero u^ is not generated in the infrared by the SM 
coupling^. Furthermore, due to scale invariance at high 



B. The Higgs Boson as a Chiral Goldstone 

The discussion above raises two questions. If there is 
new physics, like GUTs, seesaw or flavour physics. 



^ A minimal example of such composite Higgs model is based on 
the coset space 0(5)/0(4) ^35j. 

* In fact, ^^ ~ ^OCD ™'" ^^ generated from the Higgs Yukawa 
couplings to the SM quarks at the QCD confinement scale. How- 
ever, this process is dynamical and protected from any high scale 
corrections. 



energies, there would not be large radiative corrections 
to the Higgsmass from the new physics. The argument is 
as follows [l^ : If we assume that scale invariance is only 
broken by the Higgs quadratic term, /i^, the contribution 
to the trace of the energy momentum tensor is 



e^^ ^ 2n^H''H. 



(6) 



Including the quantum corrections, we have further con- 
tributions 



e>^ = s^,^H^H + Y,|3x,Ok 



(7) 



where /3a^ are the beta functions of couplings Afe of the 
theory. But now we know that in the limit fj,^ — > 0, the 
theory must become classically conformal. Hence S^^ ex 
/i^ and there are no large radiative corrections from the 
high scale at which the SM matches onto a conformal 
theory. 

The main difference of this scenario with respect to 
the traditional application of naturalness as described in 
the previous paragraph is that the scale of new physics 
can be well separated from the EW scale. In this case, 
we would have the observed physics at the EW scale and 
a very high new physics scale, with no new degrees of 
freedom appearing at intermediate scales. Interestingly, 
the latter situation may be suggested by LHC data. The 
measured Higgs boson mass of 126 GeV implies that the 
Higgs quartic coupling vanishes at intermediate scales 
around 10^^ GeV. The Higgs potential ([T]) at low en- 
ergy is then generated by two separate mechanisms. The 
quartic coupling A is generated due to the RG running of 
the SM parameters, while the small EW scale must arise 
from new physics accessible at the weak scale. We will 
discuss a model building framework where the infrared 
physics is classically scale invariant and consists of the 
SM and the dark sector motivated and manifested via 
the existence of DM. The small EW scale may be gen- 
erated dynamically either via a Coleman- Weinberg type 
mechanism [16] or, alternatively, by strong dynamics in 
the dark sector of the low energy theory. We study these 
options after discussing implications of classical scale in- 
variance for fundamental physics. 



III. RENORMALIZABILITY AND CLASSICAL 
SCALE INVARIANCE 

Let us try to understand classical scale invariance as 
a fundamental principle of quantum field theory in con- 
nection with renormalisability. 

In the Wilsonian approach renormalisability is seen as 
a consequence of the scaling of the operators: the La- 
grangian is written as a sum of local operators 



and defined on a sphere in Euclidean momentum space 
with radius M. To re-define the theory at a lower mo- 
mentum scale M' — M/N, one first integrates out the 
high-energy modes of the fields in the operators Oi with 
Euclidean momenta larger than M/N . After this, the 
radius of validity is rescaled back to a sphere of radius 
M. This rescaling leads to the new operator coefficients 
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The non-renormalisable operators with mass-dimension 
d > 4 have a negative power-law dependence on the cut- 
off scale, and therefore are naturally absent in the low 
energy theory. Similarly the super-renormalisable opera- 
tors with mass-dimension d < 4, such as the mass term of 
a scalar field, have a positive power-law dependence on 
the cut-off scale, and therefore the appearance of such 
terms with a coefficient that is much smaller than the 
cut-off scale is seen as unnatural. 

However, this (classical) scaling of the operators is 
merely an effect of rescaling the energy measuring unit, 
a coordinate transformation that can have no physical 
effect. The real physical effects of renormalisation are 
the logarithmic running of the coupling constants and 
anomalous dimensions. Those effects are scheme inde- 
pendent and can not be absorbed into a mere coordinate 
transformation [2^. Let us discuss what this implies for 
renormalisation of QFT. 

According to our arguments so far, relevant operators 
with mass dimension d < 4 can naturally exist at a low 
scale, as long as there are no physical heavy particles 
that give large finite corrections to these operators. But 
should the same argument not also apply to irrelevant op- 
erators; why should non-renormalisable d > 4 operators 
be forbidden to exist in the low energy theory? Allowing 
them to exist would be a disaster: First, experimentally 
we know that these operators are absent, and second, 
theoretically we do not know how to handle fundamental 
theories where these operators exist. 

The traditional answer is to regard the SM as an effec- 
tive theory. Then, even if these operators are allowed to 
exist in the fundamental UV theory, they are naturally 
suppressed by the UV scale and are thus absent at the 
low scale. But this point of view seems incomplete: If 
these operators can exist as a part of a fundamental La- 
grangian in the UV theory, then why can they not also 
exist as fundamental operators at the low scale? Obvi- 
ously d > 4 operators at the low scale would completely 
dominate over any contribution from the high scale and 
make the whole argument of the SM as an effective theory 
redundant. 

The only way out seems to be to insist that renor- 
malisability simply is a fundamental property of nature, 
and that non-renormalisable interactions can only arise 
as low energy effective operators induced by a fundamen- 
tal UV-theory that contains only renormalisable interac- 
tions itself. This way the non-renormalisable operators 
are naturally suppressed by the UV-scale at which they 
are generated. 



But why should nature only allow renormalisable in- 
teractions to exist at the fundamental level? We suggest 
that the answer may be the underlying classical scale 
invariance. If we demand that the fundamental theory 
is scale invariant at the classical level, then (in four di- 
mensions) only operators of mass-dimension d — A are 
allowed. Any operator of dimension d 7^ 4 must have a 
dimensionful coupling constant which sets a unique scale 
in the theory and breaks the classical level scale invari- 
ance. Thus we propose that classical level scale invari- 
ance must be a fundamental property of nature. This 
implies that at classical level the laws of nature are the 
same at every energy scale. This property is in essence 
similar to the invariance of physics of the chosen reference 
frame or to the Copernican principle in cosmology, which 
states that no point in space is unique. We now extend 
these symmetries by demanding that also no momentum 
scale is unique in the classical level. In cosmology, the 
universe is not isotropic and homogeneous at small scales, 
because quantum fluctuations have generated structure, 
and thus different points in space have different proper- 
ties. Similarly the interactions of particles look different 
at different energy scales, because quantum effects break 
the tree-level scale invariance and generate the running 
of the coupling constants. Quantum effects can also gen- 
erate special mass scales, such as Aqcd, and effective 
operators of dimension d ^ 4, but all this is a result of 
the dynamics of the theory. At the classical level the the- 
ory is still scale invariant and no momentum scale is set 
by hand to have a special meaning. 

This approach gives us a clear understanding of renor- 
malisability. Fundamental quantum field theories are 
renormalisable because only renormalisable operators 
can be embedded in a classically scale invariant theory. 
It also alters our interpretation of the naturalness prob- 
lem. The Higgs mass term is unnatural, not because it 
is small or not protected by symmetries, but because its 
origin is not explained. If classical level scale invariance 
is a fundamental property of nature, then this operator 
can not exist in a fundamental theory. Therefore the SM 
must be expanded with a mechanism to generate this 
term dynamically. Incidentally, this also implies that the 
cosmological constant can not exist classically, but must 
be generated by some dynamical effect. However, it re- 
mains unclear in this framework why gravity does not 
feel the vacuum expectation values of the theory, i.e., 
why the cosmological constant is not of the order of vew 
or Aqcd- 



the electroweak scale, is generated by dynamical symme- 
try breaking occurring in the dark sector and transmitted 
to the visible sector via the Higgs portal term, ^. As 
an additional motivation, the model also allows for novel 
dark matter candidates. 

The most minimal such extension of the SM is obtained 
by adding one singlet scalar S to the theory. Imposing 
additional Z2 [37-39] or Z3 [4C|] symmetry then allows 
for scalar DM. The interpretation of the imposed dis- 
crete symmetries is as a matter parity that is a remnant 
of a gauged B - L [ill, HI]. Adding the singlet to the SM 
also improves Higgs phenomenology. In the SM the Higgs 
quartic coupling runs negative at scale 10^^ GeV |43l445| 
destabilising the vacuum. The singlet coupling to the 
Higgs boson given in ([3]), As|5p|iJp, is always allowed 
independently of the internal quantum numbers of the 
singlet, and its contribution to the RG equation of A is 
always positive improving the vacuum stability via RG 
running. Alternatively, if the singlet gets a vev, the mea- 
sured Higgs mass implies larger Higgs quartic coupling 
than in the SM, improving the vacuum stability at the 
tree level [4y, |43|. As a result, the scale of conformal 
breaking is raised due to the TeV scale effects and can 
be as high as the GUT or Planck scaleo 

However, this simplest scenario fails to explain elec- 
troweak symmetry breaking. Realistic dynamical EW 
symmetry breaking a la Coleman- Weinberg in the sin- 
glet scalar model requires A^ > 12 singlets with couplings 
A5 > 1 to overcome large top contributions with the 
wrong sign |48l - [5l| . If such a strongly coupled Si is the 
DM candidate, this scenario is in conflict with DM direct 
detection searches [43] . A Coleman- Weinberg mechanism 
via a Higgs portal can be made to work in extended mod- 
els [siiHa. 



A. The Dark Technicolor Model 

In this section we work with the minimal singlet ex- 
tension of the SM, and propose a framework consisting 
of two sectors: the visible SM sector respecting classical 
conformal symmetry and the dark sector consisting of 
SM singlet matter fields, Q, interacting via a new strong 
force, dark technicolor. 

We start with a scale invariant SM Higgs sector, i.e. 
the potential for the Higgs field H is 



Vh^\\H\\ 



(10) 



IV. AN EXPLICIT MODEL: EW SYMMETRY 
BREAKING FROM DARK TECHNICOLOR 

As we have discussed, according to physical natural- 
ness the existence of the electroweak scale necessitates 
the existence of new physics. As a concrete example we 
take the Higgs field as a fundamental scalar with only 
quartic interactions. The quadratic term, and hence also 



^ However, one should note that the question of vacuum stability 
is more complicated in the presence of several scalar fields than 
in the SM. In this kind of models the full scalar potential, which 
has to be bounded from below for vacuum stability, is a function 
of several couplings. Thus one has to calculate the RG evolution 
of all the couplings to ensure that the potential is bounded from 
below at all scales. 



and H is assumed to be a fundamental scalar field. We 
assume that scale breaking originates from the dynamics 
of a non-trivial dark sector that manifests itself via the 
existence of DM. The dynamical symmetry breaking in 
the dark sector is transmitted to the visible sector via the 
Higgs portal ([3]). The relevant part of the Lagrangian is 

1 ^' 

i=l 

+gh\Sf\Hf-{yQSQQ + h.c.). (11) 

Here the covariant derivatives operating on the SM Higgs 
and the dark techniquarks, respectively, contain the SM 
and dark technicolor gauge fields. The dark technicolor 
field strength is denoted by F^^, and we omitted the 
SM contributions beyond the Higgs sector as well as the 
Yukawa couplings of the Higgs to SM matter fields. A 
similar setup of two sectors was used in [19] to generate 
dynamical EW symmetry breaking from a dark Coleman- 
Weinberg mechanism, and a model that is similar to our 
proposal was presented in [iSl]. 

We assume that at strong coupling, spontaneous chi- 
ral symmetry breaking happens in the dark technicolor 
sector analogously to QCD, and leads to the dynamical 
generation of a scale Atc ■ Depending on the fermion rep- 
resentation, the possible global symmetry breaking pat- 
terns are 

SU(7V/) X SU(7V/) ^ SU(iV/), (complex) 
S\]{2Nf) -^ Sp(2iV/), (pseudoreal) 

SU(2iV/) ^ S0{2Nf), (real) (12) 

This has important consequences for the dark matter 
candidates: The Goldstone bosons associated with the 
above symmetry breaking pattern will become pseudo- 
Goldstones due to the assumed coupling with the Higgs 
portal. In the case of complex representations, all of 
these approximate Goldstones are QQ- states, and due 
to the hidden sector flavor symmetry the lightest Gold- 
stone is stable and becomes a dark matter candidate. 
The new matter fields allow for a U(l)dark symmetry, 
analogous to ordinary baryon number, which will protect 
the lightest state carrying a nonzero charge under this 
symmetry. For complex representations those states are 
heavy in comparison to the pseudo-Goldstone bosons. An 
appealing feature of (pseudo)real representations is that 
the pseudo- Goldstones are QQ-states and can carry also 
nonzero U(l)dark charge. Hence, some of the Goldstone 
bosons of the spontaneously broken global symmetry are 
also dark baryons. The lightest of these is a natural dark 
matter candidate. 

As a concrete example we take Nf = 2 in the adjoint 
representation. Then the global symmetry breaking pat- 
tern is SU(4)— >• S0(4) and the number of Goldstones is 
nine. If the number of dark colours is sufficiently large, 
then the theory is QCD-like, i.e. far below the conformal 
window e.g. iV > 4. [54l.l55|. In this case, we can apply 



our established intuition about the features of the dark 
sector. In particular, it also imposes that the associated 
energy scale Atc cannot be too far above the EW scale 
if it is to source the EW scale of the SM. Consequently, 
there are no large radiative corrections to Atc and hence, 
no large radiative corrections to the EW scale. 

However, there is no need for the dark sector to be 
QCD like. If we suppose that the underlying theory is 
Nf = 2 fermions in the adjoint representation of SU{2) 
or SU{3), then there is growing evidence that this theory 
has an infrared fixed point, see e.g. [56l - l60| . If perturbed 
by a relevant coupling, the theory feels the presence of the 
fixed point, but is ultimately repelled away from it under 
RG evolution leading to a development of an infrared 
scale Air. This situation of quasi-conformality is known 
as walking. In light of our model, it implies that the 
dynamical interactions of the theory occur at very high 
scales, Auv: where the theory flows towards the fixed 
point. 

In relation to our earlier notation Atc = Air. The low 
energy phenomenology, coupling to the portal scalar and 
through that to the SM Higgs, proceeds as in the case 
considered earlier. The essential difference is that now 
approximate scale invariance — walking — guarantees that 
there are no large radiative corrections to Atc even if the 
new physics operates at very high scales, Ayv ^ Air. 
Consequently, there are no large corrections to the EW 
scale. 

Therefore, we have two possibilities underlying the 
dark sector: First, all new physics occurs at the scale 
Atc ^ Air such that AiR/t;„oak ^ 10... 10'*. Second, 
new physics is governed by a quasi stable fixed point 
reached at scale Auv ^ ^wcak- However, the RG evolu- 
tion is driven away from the vicinity of this fixed point by 
a relevant perturbation generated above the scale Ayvj 
but leading to a dynamically generated infrared scale 
Air ^ Atc- These two possibilities realize the general 
new physics scenarios we have discussed in previous sec- 
tions. 



B. Low energy phenomenology 



In both cases considered above, the low energy dy- 
namics of the strongly coupled dark sector is most con- 
veniently treated in terms of the low energy degrees of 
freedom, i.e. the Goldstones. Using a linear representa- 
tion, the potential of the low energy effective theory for 
the dark sector is 



V 



-Tr(MtM) -f- AiTr(M^Af )^ 



^(Tr(AftM))^ 



(13) 



where M is the dark meson matrix. Exphcitly, we writqfl 



M = -,.- 



ir] + 2V2{(T°- + iT:'')X'' ) E (14) 



where ct is a scalar field component that gets a vacumxi 
expectation value (a) = v^ and X" are the broken gener- 
ators of the symmetry breaking pattern S'[/(4) — > 50(4). 
The fields ct" are the scalar partners of the pseudoscalars 
tt", and their presence is required to realize the global 
symmetry linearly and to guarantee the transformation 
M -> gMg'^ with g eSU(4). The matrix E in this case 
is 



E = 



1 

1 



(15) 



First, let us review how electroweak symmetry break- 
ing arises in this model setting. For simplicity, we as- 
sume that the dark sector is connected to the visible sec- 
tor via a singlet scalar S. As we have already discussed, 
this scalar couples to the Higgs, jiSpjilp, while gauge in- 
variance forbids any other renormalizable coupling. The 
Yukawa coupling between the scalar and the dark tech- 
niquarks also induces a direct coupling between the mes- 
senger field S and the QQ condensate; S{QQ) ~ A^qS. 
The vacuum expectation values of the scalar field s and 
the scalar components h and a oi H and M are deter- 
mined from the potential 

Vs ^ Xhh'^ + Xa{a^ -vlf - ghs^h^ + g^s^a^ + Xss^ + vls, 

(16) 
where Xa- = (Ai -|- A2)/4. Replacing first a with its vev 
Va- ~ Atc, the extremum conditions imply 



(s) = ava 



where 



2^g„Xs + (9A2 - A,v/3A,(853+27A, 



2^A, (9A2 - A,v/3A,(8g3+27A, 



(17) 



(18) 



The vev of the messenger field s is suppressed with re- 
spect to the dark technicolor scale by a factor oi a ^ go-, 
where g^ is the effective coupling between the messenger 
and the composite fields induced by the Yukawa coupling 
SQQ. The vev of the Higgs field is suppressed by an addi- 
tional factor of \fghl ^fX^i where gn is the portal coupling 
constant which we assume to be small. Expanding in the 
small parameter g^ the masses of the scalar states read 



m„ 



(8A, 



h 2g„o)v1 
l + 0{gn). 
ml^^gha^vl + 0{gl). 



0{gh). 



yav, 



(19) 



For explicit realization of the SU(4) generators and the matrices 
X", see [fil. 



Here the subscript on the masses refers to the dominant 
component of the mass eigenstate, so that rria is the mass 
of the scalar state that, after diagonalising the mass ma- 
trix, has the largest component of the composite field a 
etc. The mixing pattern also follows the same hierar- 
chical structure as the masses and vacuum expectation 
values of the fields; the mixing angle between a and s is 
of the order of 0{g^), and the mixing between h and s is 

0{gyl go). There is no direct mixing between a and h. 

In addition to generating the electroweak scale from 
dynamical symmetry breaking in the dark sector, the 
model also provides DM candidates. As we have dis- 
cussed, the properties of this WIMP are dependent on 
the fermion representation — and the associated symme- 
try breaking pattern — in the dark sector. In our case of 
N f = 2 dark techniquarks in the adjoint representation, 
three of the nine Goldstones are neutral under the baryon 
charge and the remaining six are baryons. 

The dark technibaryon is produced in thermal equi- 
librium with the SM in the early universe, and the DM 
density then freezes out as usual for a thermal relic. The 
main annihilation channel of the (lightest) dark technip- 
ion ttq is through the portal into SM Higgs bosons. With 
the notation introduced above, this implies the cross sec- 
tion 



{va) 



1 '^ A A- 



1 



dUirml 



a 



Avai 



f 



(20) 



This will be modified by a small overall factor due to the 
mixing of the scalars, but this effect will be compensated 
for by the fact that due to mixing, dark technipions can 
also annihilate to SM particles via the direct coupling 
with h. To get a simple estimate, we use ([T^ to express 
Vr, in terms of tti,, and obtain 



9ha 



\V^ 



1 



81927r (l-im2)2 



(21) 



where we also defined rhi = mi/m.!^. Hence, the relevant 
parameters for the dark matter relic density are the por- 
tal coupling gh, the coupling a defined in (|18p. the mass 
of the dark technipion m^ and its relative magnitude with 
respect to nig and rrih- As we have already discussed, the 
natural ordering of the masses in the scalar sector is 



TO^ > m^ > TO^. 



(22) 



The pion mass is suppressed by the Yukawa coupling of 
the dark techniquarks and by the coupling g„ from the 
scale set by v^. Hence, we clearly have m^ 3> m^. Then, 
depending on the relative magnitude of yq and g^, the 
phenomenologically interesting regions are rus ^ rriTr > 
ruh or rUs ^ rn^ > mh- In the former case we find 
that we can produce a sizeable fraction of the required 
dark matter abundance (i.e. (va) ^ 1 pb) for masses 
m^ -- 0(100 GeV) and g^a - O(O.l). In the latter case 
we must set (ghCt)'^ ^ 0(0.1), which implies that the 



8 



portal coupling constant is not very small. This would 
imply measurable deviations from the SM in the Higgs 
couplings due to the mixing with s, which in this case 
would not be very much suppressed. We will return to 
this point in a future work. 

Of course, having a dark sector offers a wider range 
of possibilities than a single WIMP candidate: there can 
be several different particles contributing to the observed 
dark matter abundance, and their relic densities can be 
either of thermal origin or created by an asymmetry sim- 
ilar to the ordinary baryon-antibaryon asymmetry. A 
detailed investigation of the dark matter abundance and 
collider phenomenology of this model will be carried out 
in a future work. 



V. DISCUSSION AND CONCLUSIONS 

Over past decades the prevailing, if not the only, impli- 
cation of naturalness for model building has been the can- 
cellation of quadratic divergences to the SM Higgs mass. 
According to that paradigm the SM itself is an unnatural 
theory, requiring new physics at the TeV scale. At the 
same time the LHC, flavor physics and electroweak pre- 
cision results all indicate the absence of any new physics, 
which is however required by the observation of DM. The 
LHC Higgs data alone suggests that the SM is a consis- 
tent theory up to at least 10^^ GeV. A shift of paradigm 
is clearly needed to understand both the SM and physics 
beyond it. 

We have proposed that such a shift of paradigm could 
come from two principles — a physical naturalness crite- 
rion and classical scale invariance as a fundamental law 
of nature. Physical naturalness implies that the Higgs 
boson mass receives quadratic contributions only from 
physical massive particles it couples to. Quadratic cut- 



off dependent divergences are unphysical, and operator 
coefhcients receive only logarithmic contributions from 
renormalisation group running. According to physical 
naturalness the SM is natural but unsatisfactory as a 
fundamental theory since it does not explain the origin 
and smallness of the EW scale and the absence of non- 
renormalisable operators. We then propose that these 
problems can be avoided if nature is ultimately described 
by a classically conformal quantum field theory. We have 
pointed out that classical scale invariance as a principle is 
analogous to the invariance of physics from the choice of 
a particular reference frame, or to the Copernican prin- 
ciple of cosmology that there are no preferred points in 
space. Consequently, any scale of physics must then be 
generated by dynamical effects. 

We have studied a scenario in which new physics ex- 
ists at the TeV scale, not to stabilise the EW scale but 
to create it. Taking the existence of DM as an additional 
guiding principle, we proposed the existence of two sec- 
tors, the SM sector which is classically scale invariant, 
and the dark sector that we assumed to be a strongly 
coupled gauge theory. They are connected by the Higgs 
portal. We have presented an explicit model generating 
the negative SM Higgs mass term from dark sector sin- 
glets. The model can accommodate the observed amount 
of DM particles, which we identify with the lightest dark 
baryon. This theory can be tested via the Higgs por- 
tal coupling to the dark sector, which is predicted to be 
small. 
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